Gold nanocages (AuNCs) have been shown to be a useful tool both for imaging and hyperthermia therapy of cancer, thanks to their outstanding optical properties, low toxicity and facile functionalization with targeting molecules, including peptides and antibodies. In particular, hyperthermia is a minimally invasive therapy which takes advantage of the peculiar properties of gold nanoparticles to efficiently convert the absorbed light into heat. Here, we use AuNCs for the selective targeting and imaging of prostate cancer cells. Moreover, we report the hyperthermic effect characterization of the AuNCs both in solution and internalized in cells. Prostate cancer cells were irradiated at different exposure times, with a pulsed near infrared laser, and the cellular viability was evaluated by confocal microscopy.
INTRODUCTION
Gold nanoparticles have recently shown their efficacy as nanotheranostic agents since, thanks to their unique characteristics, they are able to combine diagnostic and therapeutic functions providing a novel and appealing way to identify, visualize, treat and kill cancer cells while simultaneously monitoring their therapeutic action [1] [2] . Traditionally available cancer therapies are in fact characterized by several drawbacks. Surgical resection is invasive and highly risky for the patient, and alternative methods, such as chemotherapy and radiotherapy, show multiple side effects, since they are not specific in their action and high doses of drugs or high energy radiation can interfere with normal cells cycle. Also,the improvement of tumor diagnosis and prevention are of paramount importance due to the re-occurence frequency of the disease even after treatment and the inability of conventional diagnosis techniques to detect cancer in the early stages. Gold nanoparticles have emerged as effective cancer detection and therapy tools [3] [4] [5] . In fact, due to their unique physicalchemical properties, they show low cytotoxicity and can be easily functionalized with biomolecules in order to selectively target cancer cells. Moreover, thanks to their peculiar optical properties, tunable by modifying their size and shape, they can be used as intrinsic imaging contrast agents 6 . Regarding cancer therapy, nanoparticles offer two great advantages with respect to traditional drugs. Their high surface to volume ratio promotes high local concentration of conjugated drugs that are carried on a confined nano-cargo and do not spread wide through the organism. This limits the negative side effects of the systemical administration: the development of drug resistance by cancer cells and the non specific administration of toxic agents to normal cells. Furthermore, the efficient conversion of Near Infrared Radiation (NIR) into heat by gold non-anisotropic or non-spherical nanoparticles, has already paved the way to their adoption as promising agents for the non-invasive phothermal ablation treatment of tumors 6 . Photothermal treatment, or optical hyperthermia, mediated by gold nanoparticles, is a minimally invasive approach which takes advantage of near infrared light (700-1100 nm) to treat tumors selectively 7 . NIR light is preferred for this application since it can penetrate tissues deeply due to the optical transparent window of tissues, a range of wavelengths where the absorption and scattering properties of water and hemoglobin in the tissue are strongly reduced 8 . The attractive properties of gold nanoparticles derive from a unique/striking phenomenon, called localized surface plasmon resonanance (LSPR), namely the collective coherent oscillation of the free electrons in the conduction band around their positive ionic core, as a result of the interaction with a resonant electromagnetic wave. These plasmon resonances give rise to the surface plasmon extinction (including contribution of both absorption and scattering) band, whose spectral position depends on the size, shape, structure, composition, orientation of the nanoparticles and on the dielectric constant of the surrounding environment 9 . Light absorption happens when the photon energy is dissipated due to inelastic processes and is responsible for a substantial thermal load of the nanoparticles, and for the intrinsic two-photon luminescence, while scattering occurs when the photon energy causes electrons oscillations in the matter, which emit photons in the form of scattered light, either at the same frequency as the incident light (Rayleigh scattering) or at a shifted frequency (Raman scattering) 3 . The LSPR band lies in the visible spectral window for spherical nanoparticles with 2-100 nm size, while anisotropic nanoparticles, such as rods, stars and branched structures exhibit also a second red shifted band [10] [11] [12] . Nanoparticles with different shapes, such as gold nanocages (AuNCs, composed of a thin and porous gold wall with hollow interior), show a single LSPR band that can be tuned from the visible to the NIR region by changing the wall thickness, the hole size and the porosity 13 . AuNCs porous structure is ideal for drug encapsulation and controlled thermal release 14 , while their NIR absorption cross section, at least five order of magnitude higher than that of conventional organic dyes, makes them attractive candidates for hyperthermia applications in deep tissues 15, 16 . In the photothermal applications, the source light, with a frequency overlapping the LSPR extinction band of the nanoparticles, is absorbed and transformed into heat through a series of photo-physical non-radiative processes. Firstly, the absorbed light is quickly converted into heat to form a hot metallic lattice by electron-electron relaxation (~fs time scale) and electron-photon relaxation (~ps time scale). Then the lattice cools off by phonon-phonon relaxation, dissipating the heat into the surrounding environment (cancer cells), triggering an increase in temperature of the tumor and its eradication 3 . Additionally, gold nanoparticles have been exploited as a powerful intrinsic contrast agent due to their high photoluminescence signal primed by two-photon excitation (TPE) 17 . TPE provides greater penetration depth in tissues with respect to single-photon excitation since near infrared radiation is weakly scattered and absorbed. Two-photon microscopy provides also the best spatial resolution compared to other nanoparticles imaging modalities, such as MRI, CT, OCT and ultrasounds 18 . Moreover, TPE induces an additional local field enhancement and therefore a greater increase of the quantum yield, characterized by both atwo-photon action cross section of more than one million Göppert-Mayer, much higher than that of organic fluorophores, and an intense emission signal 1 . For these reasons, gold nanoparticles can be exploited as probes for real-time in vivo tracking and for sensitive and selective tumor detection system in deep tissues. Furthermore, gold nanoparticles are characterized also by high scattering cross section which makes them suitable contrast agents for dark field microscopy and for confocal reflectance microscopy of cancer cells 19 .
In this work we report the use of gold nanocages 50 nm in size and with an LSPR wavelength around 800 nm as useful tools for imaging and for the photothermal therapy of prostate cancer cells. Nanocages, firstly synthesized by Xia group 13 , are hollow and porous nanostructures obtained by a galvanic replacement reaction between silver nanocubes and auric acid in aqueous solution. Here, the gold nanocages were coated with peptides that are specifically recognized by receptors overexpressed on the cancer cells surface, and their two-photon luminescence (TPL) and scattering signals were exploited to selectively identify and monitor the prostate cancer cells, highlighting their capability to be used as efficient contrast and diagnostic agents. We focus here on the preliminar thermal characterization of the nanocages properties in solution, in dependence on time and laser intensity. Moreover we show that they can be used as photothermal agents by irradiating plated prostate cancer cells by means of a pulsed near-infrared laser. A first characterization of the cellular viability after the treatment through fluorescence confocal microscopy is also discussed.
MATERIAL AND METHODS

Nanoparticles synthesis.
The Gold Nanocages were synthesized as reported by the Xia group 13 .
Cell culture
Human prostate cancer PC3 cell linewas used. PC3 cells were cultured in RPMI medium supplemented with 10% fetal bovine serum and 2mM L-glutamine. All cells were kept in a humidified incubator at 37 °C with 5% CO2.
For uptake experiments, the cells were plated on glass coverslips twenty-four hours before the experiments and, at confluence, they were incubated for 3h at 37 °C at a final nanocages concentration of 0.4 nM, which has been proven to be non-cytotoxic to cells up to 24h by viability tests. After treatment, cells were washed with PBS to remove the free nanoparticles and fixed with 4% paraformaldehyde in PBS at room temperature for 20 min. Cells were then washed three time in PBS. Alexa Fluor 488-Wheat Germ Agglutinin (WGA-488) was used to stain cell membranes. For the incubation process, no FBS has been added. The cells were then observed by means of confocal reflectance and two-photon luminescence microscopy. For photothermal therapy experiments, PC3 cells were plated on glass coverslips twenty-four hours before the experiments. The following day, cells at confluence were incubated for 3h with a 0.4 nM solution of gold nanocages. After incubation, the cells were washed with PBS to remove the free nanoparticles that were not taken up by the cells. The coverslips were then lodged into a home-built chamber, where the RPMI medium was replaced by PBS. Cells were then irradiated by means of a near-infrared pulsed laser and their viability was evaluated though propidium iodide /calcein AM staining by confocal fluorescence microscopy 10 minutes after the NIR laser treatment.
Fluorescence microscopy
Two-photon excitation luminescence imaging was performed on a confocal scanning microscope (BX51 equipped with FV300, Olympus,Japan) modified for direct detection of the signal and coupled to a femtosecond Ti:sapphire laser (MaiTai, Spectra Physics, CA) with 120 fs full width at half-maximum pulses and 80 MHz repetition frequency. The microscope was equipped with ahighly efficient water immersion objective (N.A. = 1.1, W.D.=1.5 mm, 60×,water immersion, Olympus, Japan), and the TPL emission was filtered through a short-pass 670 nm filter (Chroma Inc., Brattelboro, VT) and selected by a band-pass filter at 600 nm(Chroma Inc., Brattelboro, VT, HQ600/40) 17, 20 . TPL emission spectra were recorded by means of a CCD (DV420A-BV, Andor, IRL) based spectrometer (MS125, LotOriel,UK), connected to the backport of a Nikon TE300 microscope. The excitation wavelength was set to 800 nm, with a constant average power on the sample of about 2 mW. Each spectrum is the result of the accumulation of 5-10 1 s time acquisitions. For confocal reflectance microscopy, a SP5 TCS confocal microscope (Leica Microsystems,Wetzlar, Germany) was used. The AuNCs scattering signal has been primed by the 561 nm line from a solid state laser and has been collected in back-scattering geometry by a 40x Plan-Apochromat oil immersion objective (N.A.=1.3); a photomultiplier tube has been employed for the signal detection. The fluorescence related to the membrane dye has been primed by the 488 nm line of an Argon ion laser and acquired simultaneously by a second photomultiplier tube, in the same geometry and by means of the same objective, through a 500-550 nm detection bandwidth. For monitoring cell viability after the photothermal treatments, propidium iodide and calcein AM staining were performed. Cells were observed under the SP5 TCS Leica confocal microscope. Calcein AM signal was primed by the 488 nm Argon laser line and acquired through a 500-550 nm detection bandwidth, while the fluorescence signal from propidium iodide was excited by means of the 561 nm laser line and observed through a 580-620 nm detection bandwidth. Fluorescence images from the two selected channels have been acquired simultaneously.
Hyperthermia treatment in vitro and in vivo
The photothermal efficiency of 50 nm gold nanocages was investigated by irradiating a 0.5 mL AuNCs solution, contained in plastic vials, at a concentration of 0.4 nM for 20 minutes with a 800 nm pulsed laser (femtosecond Ti:sapphire laser, MaiTai, Spectra Physics, CA) at different laser intensities. The solution temperature was monitored by means of an infrared thermal camera (Thermovision camera FLIR E40, USA) during laser irradiation. The characteristic time constants were determined for each curve by a two-exponential fit of the heating curves. The photothermal treatment on PC3 plated cells, incubated for 3h with 0.4 nM concentration of AuNCs, as described in section 2.2, was performed using a 800 nm pulsed laser (femtosecond Ti:sapphire laser, MaiTai, Spectra Physics, CA) with an intensity of 10 W/cm 2 for 20 minutes. Cells were irradiated from the bottom part of the coverslip. The cells viability was monitored through confocal microscopy by means of a propidium iodide/calcein AM assay 10 minutes after the ending of the irradiation experiments.
RESULTS AND DISCUSSION
3.1Two-photon luminescence (TPL) emission spectrum
Gold nanocages suspensions, in an eight-well chamber slide, were irradiated by a near infrared pulsed laser with a wavelength λ= 800 nm, overlapping their LSPR peak, and their two-photon emission spectrum was recorded by means of a CCD based spectrometer, connected with the backport of the microscope. TPL spectra were recorded with an excitation power P exc =2 mW, measured on the focal plane. The two-photon luminescence spectrum of nanocages in aqueous suspension, reported in Figure 1 , is a broadband in the visible region (450-650 nm); the cut-off at 670 nm is due to the presence of a dichroic filter in the optical path to prevent incident radiation from reaching the CCD. Figure 1 . Two-photon luminescence emission spectrum of gold nanocages in solution. Theexcitation wavelength was set to 800 nm, overlapping the nanocagesLSPR peak, and an average power of 2 mW was used.The cut-off at 670 nm is due to the presence of a dichroic filter in the optical path to prevent incident radiation from reaching the CCD.
The emission spectrum includes the 6s-5d (L) transition (electron-hole recombination near the L point of the Brillouin zone) and 6s-5d (X) transition (recombination near the X pointof the Brillouin zone), which occur for bulk gold at 518 and 654 nm, respectively [21] [22] [23] .
Cellular uptake
Efficient cellular uptake is a prerequisite for gold nanocages to be adopted as both selective diagnostic tools to identify and image cancer cells, and as photothermal agents for tumor eradication. We investigated therefore the possibility to adopt peptide-modified gold nanocages as selective and label-free contrast agents for prostate cancer cells imaging. AuNCs were functionalized with a synthesized peptide in order to be recognized by receptors overexpressed on prostate cancer cells surface (manuscript in preparation). We evaluated the uptake of peptide-conjugated AuNCs by PC3 prostate cancer cells by means of both two-photon microscopy, and confocal fluorescence and reflectance imaging. Two-photon luminescence is particularly appealing for optical imaging since near-infrared radiation is weakly absorbed and scattered by tissues allowing high penetration depth and low photodamage together with a high 3D spatial resolution,while confocal reflectance is a valuable alternative method due to the fact that not all laboratories are equipped with expensive two-photon excitation imaging instruments. Cells were incubated with bare or peptide-conjugated AuNCs (concentration = 0.4 nM) for 3 h at 37 °C. After incubation, cells were washed three times with PBS in order to remove free NCs and were fixed with 4% paraformaldehyde in PBS. The TPL signal of AuNCs was collected through a 600±20 nm filter and is shown in red color in Figure 2a (peptidemodified NCs, P-AuNCs) and Figure 2d (bareAuNCs), while the emission of the dye used to stain cell membranes was acquired through a band pass 535±25 nm filter and is visualized in green in Figure 2b and Figure 2e . In Figures 2c and 2f a superposition of the two red and green-coded images related to P-AuNCs or bare NCs is reported to highlight the localization of the gold nanocages. Concerning confocal reflectance/fluorescence imaging, the signal reflected at 561 nm is reported in red in Figure 3a for P-AuNCs and in Figure 3d for naked AuNCs, while the membrane fluorescence, shown in green in Figure 3b and Figure 3e . The overlay and 3f for peptide-conjugated and naked AuNCs related to control experiments, in which prostate can luminescence and reflectance/fluorescence compare their intensities. Figures 2g and 3g show that neither two experiments. Prostate cancer cells incubated with reflected signal (Figure 3d ), suggesting that after 3 h of incubation only few NCs adhered to or were internalized into cancer cells. In contrast, peptide-conjugated nanocages the cytoplasm and distributed in the perinuclear region of these engineered nanoparticles as selective diagnostic agents and fate of cancer cells. s, in which prostate cancer cells were not treated with gold nanocages. All the two luminescence and reflectance/fluorescence images were acquired with the same parameters setting Figures 2g and 3g show that neither two-photon luminescence nor reflected light were detected in cells incubated with bare gold nanocages show both weak two-photon , suggesting that after 3 h of incubation only few NCs adhered to or were internalized into onjugated nanocages (P-AuNCs) are either bound to cell membranes or internalized perinuclear region (see Figures 2c and 3c) . This result indicates a potential as selective diagnostic agents and/or imaging probes, to identify, track and follow the photon excitation imaging of PC3 prostate cancer cells. Cells membranes were stained with the WGA-488 dye (green nm), while the luminescence signal was primed by a fs Ti:Sapphire laser with λ=800 nm and acquired c) were treated with a concentration 0.4 nM of peptideNCs, while those in panels g-i were confocal reflectance/fluorescence imaging, the signal reflected at 561 nm is reported in red in Figure 3a for in the range 500-550 nm, is of the reflected and fluorescence signals are shown in Figure 2c i and 3g-i we reported images gold nanocages. All the two-photon were acquired with the same parameters setting, in order to directly photon luminescence nor reflected light were detected in cells in the control photon ( Figure 2d ) and weak , suggesting that after 3 h of incubation only few NCs adhered to or were internalized into to cell membranes or internalizedin indicates a potential efficacy to identify, track and follow the Reflectance channel Figure 3 . Reflectance/fluorescence confocal were stained with the WGA-488 dye and visualized in green color in the images in panels (a-c) were treated with a concentration same concentration of naked Au-NCs, while those in panels g .
Photothermal effect
To demonstrate and highlight the thermal load properties of gold nanocages, a was irradiated with a Ti:Sapphire pulsed laser ( thermal camera in dependence on the laser temperature of the bulk sample and the information regarding the intrinsic nanoparticles thermal efficiency are embedded in the details of the temperature increase kinetics. a function of time at different laser excitation intensities (2 W/cm gold nanoparticles solution and for a PBS solution, as a control. As previously reported 24 , the temperature increase of t exponential components model:
where T 0 is the starting temperature of the sample two characteristic thermal relaxation times. Of these, to the exchange of heat between the AuNCs and t suspension volume and its ratio to the excitation volume), while the shorter growth time φ 1 ≅40±5 s, can be ascribed to the thermal load of gold nanocages induced by the IR laser in the irradiation volume. The overall temperature increase ∆T=∆T range 2 W/cm 2 ≤ I exc ≤ 13 W/cm 2 and it reaches a maximum intensity of 13 W/cm 2 . In comparison, the times lower. NCs, while those in panels g-i were untreated and considered as controls. Scale bar
To demonstrate and highlight the thermal load properties of gold nanocages, a suspension of peptide with a Ti:Sapphire pulsed laser (λ=800 nm) and the temperature increase was measured laser excitation intensity. The thermographic measurement reports the changes in ple and the information regarding the intrinsic nanoparticles thermal efficiency are embedded in the details of the temperature increase kinetics. The temperature increase T(t) is reported in Figure 4a ( a function of time at different laser excitation intensities (2 W/cm 2 ≤ I exc ≤ 13 W/cm 2 ) for a 0.4 nM peptide gold nanoparticles solution and for a PBS solution, as a control.
, the temperature increase of the gold nanoparticles suspensions can be fit is the starting temperature of the sample, ∆T i (i=1,2) are the temperature increases associated with each of the two characteristic thermal relaxation times. Of these, the slower thermal growth, with relaxation time between the AuNCs and the environment and it depends on the experimental setup (the suspension volume and its ratio to the excitation volume), while the shorter growth time can be ascribed to the thermal load of gold nanocages induced by the IR laser in the irradiation volume. T 1 +∆T 2 depends in first approximation linearly on the NIR laser intensity in the reaches a maximum value ∆T=35 °C after 20 minutes of laser irradiation with an In comparison, the ∆T value measured for the control solution, was We demonstrated the promising efficacy of the photothermal effect with gold nanocages in cells by performing preliminary studies on prostate cancer cells. PC3 cells were incubated with a concentration 0.4 nM of peptide-conjugated Au-NCs for 3h and irradiated atλ=800 nm with an intensity of 10 W/cm 2 for 20 minutes. Cell viability was analyzed by standard staining of the cells with Calcein AM/Propidium iodide immediately after the irradiation to distinguish viable and dead cells through fluorescence microscopy. Viable cells are labeled with Calcein-AM dye, producing fluorescence in the green region of the visible spectrum, while dead or later apoptosis cells internalize propidium iodide into the nucleus, resulting in an intense fluorescence signal (when it binds to DNA by intercalating between the bases) in the red spectral region. Cells unexposed to gold nanocages but irradiated with the NIR laser light under the same experimental conditions were regarded as controls. Figure 5a reports images acquired for a sample of cells treated with peptide-targeted Au-NCs at the boundary between an area irradiated by the NIR laser light, where cells show a red fluorescence in the nuclear region due to the internalization of propidium iodide, and an area not irradiated, where cells are viable, showing a green fluorescence. PC3 cells in the control experiments (absence of gold nanocages) show no damage after the NIR laser irradiation treatment under the same experimental condition, as reported in Figure 5b , where the cells exhibit only green fluorescence. The peptide-targeted gold nanocages studied in this work are therefore efficient agents in targeting the prostate cancer cells, in transforming the incident NIR radiation into heat and therefore in selectively killing prostate cancer cells. In our study, the use of a pulsed laser could lead to bubble formation around the gold nanocages, with resulting mechanical stress on the cells, a process that could be involved in cell damage. 
CONCLUSIONS
In this work we report the preliminary characterization of the theranostic properties of peptide-modified gold nanocages 50 nm in size. These nanoparticles display a wide plasmon peak in the infrared region of the electromagnetic spectrum and can be used as contrast agents for imaging and as efficient transducers for photothermal therapy, as we have preliminary shown here on prostate cancer cells. In particular, their two-photon luminescence and scattering signals, primed by means of non-invasive imaging techniques, were exploited to selectively identify and monitor nanocages uptake in prostate cancer cells, highlighting their capability to be used as efficient contrast and diagnostic agents. It was also demonstrated that gold nanocages, when irradiated by a NIR laser, tuned to their plasmon resonance, are able to convert efficiently light into heat and induce specific and localized cancer cells death. The targeted nature of the photothermal therapy induced by the presented peptide-conjugated nanocages was also demonstrated showing that no damage was observed in cells untreated with nanoparticles. The gold nanocages reported here, thanks to their plasmon peak located in the NIR range and to the their two-photon luminescence, are also suitable for real-time in vivo eradication of tumors in deep tissues and for monitoring the effect of photothermic therapeutic treatment of cancer cells.
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